Quantum dots are useful model systems for studying quantum thermoelectric behavior because of their highly energy-dependent electron transport properties, which are tunable by electrostatic gating. As a result of this strong energy dependence, the thermoelectric response of quantum dots is expected to be nonlinear with respect to an applied thermal bias. However, until now this effect has been challenging to observe because, first, it is experimentally difficult to apply a sufficiently large thermal bias at the nanoscale and, second, it is difficult to distinguish thermal bias effects from purely temperature-dependent effects due to overall heating of a device. Here we take advantage of a novel thermal biasing technique and demonstrate a nonlinear thermoelectric response in a quantum dot which is defined in a heterostructured semiconductor nanowire. We also show that a theoretical model based on the Master equations fully explains the observed nonlinear thermoelectric response given the energy-dependent transport properties of the quantum dot.
I. Introduction
Quantum dots (QDs) are known for their tunable and strongly energy-dependent electron transport properties, which result in a nonlinear response to an applied electrical bias VSD. Nonlinear conductance due to the Coulomb blockade 1 is perhaps the most well known example of such nonlinear behavior. It is also well established that the energy-dependent electron transport properties of QDs strongly influence their thermoelectric behavior, 2,3 which has made them attractive model systems for fundamental studies of quantum thermoelectric effects. [4] [5] [6] [7] [8] [9] [10] Nonlinear response to an applied thermal bias ∆T , in particular, has been theoretically investigated in various mesoscopic systems, including resonant tunneling structures, 11, 12 multi-terminal quantum conductors [12] [13] [14] and Kondo-correlated devices. 15, 16 For QDs, one can expect that the quasi-discrete resonance energy spectrum of a QD alone should lead to nonlinear thermoelectric response. 17, 18 This behavior was explored in detail by Sierra and Sanchez who predicted a strongly nonlinear regime behavior in QDs when ∆T is about an order of magnitude larger than the background temperature T0. 19 In experiments, a nonlinear thermovoltage as a function of thermal bias ∆T has been observed in semiconductor QDs 3, 18, 20, 21 and in molecular junctions. 22 Most recent studies using a tunable thermal bias have shown a strongly nonlinear thermovoltage and thermocurrent in semiconductor nanowire QDs that could not be fully explained by the energydependence of the QD resonance energy spectrum alone, and was attributed to a renormalization of resonance energies as a function of heating.
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The key experimental challenge in the observation of nonlinear thermoelectric behavior in QDs is the ability to apply a tunable and large enough thermal bias ∆T across a nanoscale object without significant overall heating of the device. The latter can prevent the ability to perform low-temperature experiments, and makes it difficult to distinguish temperaturedependent transport effects from the true nonlinear response to the thermal bias ∆T .
Here, we report measurements of a strongly nonlinear thermocurrent as a function of ∆T across a QD that is defined by two InP segments within an InAs nanowire. To a large extent the measurements presented here were enabled by a recently developed heater architecture that allows local and electrically non-invasive thermal biasing of a nanowire. 23 This architecture enables tuning of ∆T over a wide range by applying a relatively small heating power, thus minimizing the parasitic heating effects. We also use theoretical calculations based on Master equations to demonstrate that the experimentally measured thermocurrent can be fully understood from the QD resonance energy spectrum, and is consistent with the previously presented theory in Ref..
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II. Experiment
A. Device Fabrication
The device consists of a heterostructured InAs/InP nanowire with a 60 nm diameter (see Fig. 1a ) that was grown by chemical beam epitaxy seeded by a gold particle. 24, 25 Based on transmission electron microscopy (TEM) analyses of 11 nanowires from the same growth, the InAs/InP nanowire (starting from the seed particle) consists of a 350 ± 70 nm InAs segment, followed by a 17 ± 1.5 nm long InAs QD defined by two, 4 ± 3 nm thick, InP segments, and a second InAs segment of 265 ± 60 nm in length. The remaining nanowire, which is not used in the device, consists of a 25 nm InP plug incorporated for growth reasons and another InAs segment.
The nanowire is contacted to metallic source and drain contacts, as illustrated in Fig. 1b . Electrically isolated metallic top-heaters pass over the source and drain contacts enabling local dissipation of Joule heat directly on top of the contacts; ensuring heat transfer to the nanowire. Only the heater on top of the source contact was used in the experiments presented here. The device fabrication followed the process developed by Gluschke et al. 23 In brief, electron-beam lithography (EBL) was used to define a pair of source and drain contacts centered around the QD and separated by 300 nm. A dilute sulfur arXiv:1510.08509v1 [cond-mat.mes-hall] 28 Oct 2015 passivation is performed before source and drain contacts are deposited on the nanowire. 26 A 10 nm thick layer of HfO2 was deposited via atomic layer deposition to insulate the metallic contacts from the overlying heaters, which were aligned and exposed in a second EBL step. Both the contacts and the heaters were deposited thermally with a metal stack of 25 nm Ni and 75 nm Au for the contacts and 25 nm Ni and 125 nm Au for the heaters. The heater layer was thicker to ensure continuity as the heater steps onto the contact region. The entire device rests on 100 nm of thermally grown SiO2, allowing the underlying doped Si substrate to be used as a global back gate.
B. Electrical Characterization
Measurements were conducted in a cryostat in which the estimated electron temperature in the device, T0, was below 1 K without heating. Bias spectroscopy of the device was carried out using a Stanford Research SRS-830 lock-in amplifier. The voltage from the oscillation output was reduced using a 1 : 20000 voltage divider circuit to provide a stable AC source-drain bias amplitude dVSD = 25 µV kBT0/e (kBBoltzmann constant, e -elementary charge). To measure the differential conductance g = dI/dVSD as a function of a DC source-drain bias VSD, the differential current amplitude, dI, was measured in response to dVSD, while adding the AC and DC source-drain bias components in a summing box.
To measure Coulomb oscillations (Fig. 2a) , a source-drain current, ISD, was measured in DC mode using Yokogawa 7651 voltage source to bias the source lead at 100 µV and a SR570 current preamplifier with 1 MΩ input impedance.
The set-up used for thermoelectric characterization of the QD nanowire device is shown in Fig. 1b . A thermal bias, ∆T , was applied by running a current IH through the heater on top of the source contact using a Yokogawa 7651 DC voltage source. The dissipated Joule heat mostly heats the underlying source contact, but is expected to also create a fractional temperature rise in the drain contact. 23 The resulting thermocurrent through the QD nanowire device, Ith, was amplified via the SR570 current preamplifier.
C. Experimental Results and Discussion
The QDs stability diagram, measured as a function of the source-drain voltage, VSD, and a back-gate voltage, VG, is shown in Fig. 1c . The dark diamond-like regions represent bias conditions at which the conductivity is suppressed due to Coulomb blockade. From the bias spectroscopy data we estimate a charging energy EC of 4.0 ± 0.2 meV, which is a measure of electron-electron interaction strength in the QD. We also determine the value of the coupling constant αG = 0.042 ± 0.04, which characterizes the capacitive coupling strength between the QD and the back-gate electrode. Figure 2b shows Ith as a function of VG. The data confirms that our devices thermoelectric response is typical for QDs 2, 18, 27 where Ith goes to zero and changes direction at those VG values where the Coulomb peaks in Fig. 2a are centered. The locations of these thermocurrent zeros do not depend on the heating current, as can be seen in Fig. 2c , which shows Ith as a function of VG and IH. This independence of the Ith zeros from IH is in contrast to previous studies, 18 where the nonlinear behavior of Ith was strongly influenced by a heating dependent renormalization (shift) of the resonance energies of the QD. The stability of the resonances in the present study is attributed to the benefits of the top-heater architecture where a higher ∆T can be applied with much less overall background heating of the device.
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The core observation of our experiments is the strongly nonlinear behavior of the thermocurrent as a function of ∆T . This nonlinearity is clearly apparent in Fig. 2d where several backgate voltage traces, taken from the data in the Fig. 2c , are plotted as a function of IH. Several key features can be identified in the observed nonlinear behavior of Ith, all of which can be understood in terms of the QDs resonance energy spectrum at different thermal biases. In the following we base our discussion on Ref. 19 and use phenomenological sketches of a QD resonance spectrum and Fermi-Dirac distributions in the leads to illustrate how the increase in ∆T can lead to nonlinear effects (Fig. 3) . The currents Iε1 and Iε2 in Fig. 3b combine to give the overall thermocurrent Ith through the QD.
First, we observe that the IH at which Ith starts to rapidly increase depends on VG (Fig. 2d) . As shown in sketch A in Fig.  3a , this behavior can be understood based on the energy of the QD resonances, ε1 and ε2. Until the temperature on the hot side reaches a certain value, there is no net current because the electronic states at energies ε1 and ε2 in both leads are equally occupied -either completely full or completely empty. This is reflected in point A in Fig. 3b .
The second interesting experimental feature in Fig. 2d is the nonlinear increase of Ith, as a function of thermal bias. Sketch B in Fig. 3a illustrates how increased heating on the source side leads to a misbalance of the electronic state occupancy in the leads at ε1. This misbalance leads to a net current as indicated by an arrow in the sketch and by point B in Fig. 3b . Thus, the origin of the nonlinear increase in Ith is the nonlinear change of the electronic state occupancy in the leads due to heating.
Finally, Ith tends to decrease at higher IH. Ref.
19 predicts such behavior due to an increasing backflow of electrons at large thermal bias values (∆T /T ≥ 10). We believe that the same is true for Ith in our experiment, except we expect that we also parasitically heat the drain lead when aiming for high ∆T . Sketch C in Fig. 3a illustrates that the major current contribution, Iε1, is still provided by the electron transport through ε1, however, the thermally excited electrons on the source side also leak back through ε2, thus contributing to the decrease in Ith. We note that any decrease of the current through ε1 in the sketch is, in fact, caused by the overall increase in temperature; e.g. slight heating of the drain. However, the backflow of electrons through ε2 is caused purely by the thermal bias. 
III. Theory
A. Model Description
We model electron transport through the InAs/InP nanowire by considering a QD which is tunnel-coupled to two electron reservoirs (source and drain leads). Following the experimental setup showed in Fig. 1b the QD is considered in series with a resistive load R to model the input impedance of the current preamplifier. The source and drain leads are characterized by their electrochemical potentials, uS = EF − eVS and uD = EF − eVD, where EF is Fermi energy, and their temperatures, TS and TD. Electrons in the leads are assumed to occupy states according to the Fermi-Dirac distribution fr(E) = {1 + exp [(E − ur)/(kBTr)]} −1 and the density of states in the leads is assumed to be a constant. The QD is capacitively coupled to the leads with capacitances CS and CD, and to the global back-gate with a capacitance CG, giving rise to a charging energy EC = e 2 /(CS + CD + CG). In order to model resonance energies we consider a QD in which adding the N th electron changes its state from i to f and that has an electrochemical potential of the form
Here f i is energy of the single-electron orbital in which the electron is added and αr = Cr/(CS +CD +CG) are dimensionless coupling constants. We label the probability of the f th state to be occupied pf . Steady-state probabilities for each state occupancy can be represented by a vector P and are found using the Master equation for a stationary case
Here W is a matrix with elements Wfi given by
and Γ D,out are matrices containing tunnel rates for single electron tunneling in or out of the QD, involving source or drain leads. Here non-diagonal matrix elements Wfi express physical rates at which the QD changes its state from i to f . Probability normalization requires that the sum of all occupancy probabilities pf must be 1.
The current ISD through the QD is then found by adding up current contributions from all possible QD states given the calculated steady state occupancies pf
In order to calculate the current ISD through the circuit with the QD and the load R in series, a bias value on the drain side VD is calculated self-consistently using the Ohms law VD = ISDR.
For the purpose of comparing with our experimental results it is sufficient to consider a QD with only one single electron orbital, in which N can take values 0, 1 or 2. Including electron spin this gives four possible QD states i, f = {0, ↑, ↓, ↑↓}. In this case, the phenomenological resonance energies ε1 and ε2 discussed in the experimental section (Fig. 3) thus correspond to the electrochemical potentials µσ0 = ε1 and µ↑↓σ = ε2, with σ = ↑, ↓. For qualitative comparison with experiment we consider the tunnel-barriers to be identical and characterized by a constant tunnel rate Γ.
B. Simulation Results
We now calculate the thermocurrent as a function of temperature in source and drain leads. Since in our experiment the source lead is heated, we label the source temperature TS = TH = T0 + ∆TH and the drain temperature TD = TC = T0 + ∆TC. In simulations the base temperature T0 is chosen such that kBT0/EC = 0.01, which is close to the experimental value. Because in the experiments the drain lead is also expected to be somewhat heated we assume ∆TC = ∆TH/3. The ratio between ∆TH and ∆TC is chosen to obtain a qualitative agreement with the experimental data, but the precise value is not important for the discussed physics. In Fig. 4 we sum up our thermocurrent simulation results. Thermocurrent as a function of the back-gate voltage for different thermal bias values is shown in Fig. 4a (compare with the corresponding experimental data in Fig. 2b) . Similarly, we plot the simulated thermocurrent as a function of the thermal bias for different back-gate voltage values in Fig. 4b . The dimensionless range of thermal bias shown is chosen based on the similarity to Fig. 2d . Finally, the color plot in Fig. 4c is produced using the ranges of the electrochemical potential and the thermal bias used in Figs. 4a and b, and closely matches the experimental result shown in Fig. 2c .
According to our simulations, the source-drain bias VSD that develops across the QD due to the series load at peak currents is estimated to be below ± 0.04 EC/e and therefore does not significantly influence the behavior of the thermocurrent. Note that it is very challenging to measure the temperature in the leads leading up to the QD directly and this was not attempted in the experiment. However, given the qualitative agreement between the experimental thermocurrent data in Fig. 2 and the simulated thermocurrent in Fig. 4 , one can conclude that the relation between IH and ∆T must be close to linear. Moreover, the agreement also suggests that 1 mA of IH gives rise to a thermal bias ∆T of several Kelvin between the source and drain leads.
IV. Conclusions
In summary, we have reported measurements of a strongly nonlinear thermocurrent in a QD. By comparing our measurements to simulation results, we show that the nonlinear behavior can be fully explained in terms of the QDs energydependent transport properties.
19 This is in contrast to earlier experiments 18 where this behavior was masked by effects that can also be explained by the overall heating of the device. Our results were enabled by use of a novel heating technique 23 that allows the application of very large ∆T across a nanoscale device with minimal overall heating of the sample space, even at low temperatures. The ability demonstrated here opens a wide range of quantum thermoelectric experiments in mesoscopic systems.
